Abstract: Disuse and aging are associated with changes in glucose metabolism and insulin responsiveness of skeletal muscle. However, their combined effects on the islets of Langerhans in the pancreas and serum insulin levels have not been studied. The goal of this study was to investigate the response of the pancreas to disuse, induced by hind limb suspension (HS), in young and old animals. Male Fisher 344 X Brown Norway rats at 6 (young) and 32 (old) months of age were subjected to 14 days HS. Serum insulin and pancreas morphology were examined. Serum insulin concentration was lower in old rats, and decreased significantly following HS in young, but not old rats. Islets of Langerhans in the pancreas showed a more diffuse appearance in the old rats independent of HS, but no statistically significant differences were observed in islet area, cells per islet, or area occupied by islets. However, in old animals, but not young, HS was associated with an increase in islet number. No differences were observed in the percentage or area of insulin positive cells in the pancreas. We conclude that the insulin secretion response to disuse is lost at old age, and this can not be explained by changes in islet size or insulin positive cell number. The implications of changed appearance and number of islets in old rats in response to HS remain to be investigated.
INTRODUCTION
Aging is associated with an increase in insulin resistance and a decrease in glucose tolerance in humans and animals [1] [2] [3] , which predisposes older individuals for metabolic syndrome and associated diseases. One of the main contributors often associated with insulin resistance is physical inactivity [3, 4] , such as occurs during bed rest and space flight [5] . The exact cause of the insulin resistance is currently under active investigation, and it has been shown that serum insulin levels decrease with aging as well as inactivity [6, 7] , likely contributing to the enhanced glucose intolerance. The decreased serum insulin could be related to decreased insulin secretion by the -cells of the pancreas as appears to occur with aging [3, 8] . In addition, inactivity induced by hind limb suspension (HS) or space flight is also associated with a decrease in serum insulin levels [6, 9, 10] , but the pancreatic responses have not currently been investigated. HS of rats has been used as a model for disuse, mimicking bed rest and space flight, and HS is initially associated with insulin resistance of glucose transport and metabolism in skeletal muscle [11] [12] [13] [14] . More prolonged unweighting, i.e. longer than 3 days of HS, has been shown to enhance insulin action on carbohydrate metabolism in skeletal muscles [6, 12, 13, 15] .
In the rat pancreas, -cells expressing insulin, constitute 60-80% of all endocrine cells and are located in the central part of the islets [16] . Aging results in increases in pancreatic *Address correspondence to this author at the College of Medicine, University of Arkansas for Medical Sciences, Department of Physiology and Biophysics, 4301 W Markham Street, Little Rock, AR 72205, USA; Tel: (501) 686-5443; Fax: (501) 686-8167; E-mail: PChowdhury@uams.edu dry weight and the proportion of pancreas occupied by islet tissue, but general composition of the pancreas is unaffected [17, 18] . Total pancreatic insulin decreases slightly and continually after maturity [19, 20] . A decrease in the responsiveness of the -cells to glucose stimulation is also affiliated with aging [8, 20, 21] . However, no study to date has evaluated the relative differences in islet composition occurring in response to aging combined with prolonged inactivity, such as occurs with HS. Therefore, this study was designed to evaluate morphological changes in the endocrine tissues of the rat pancreas and to determine the response of insulin at 14 day HS in young and old rats. We hypothesized that changes in serum insulin levels would be accompanied by changes in the insulin-secreting cells of the pancreas and that the response of aged rats would be similar to young animals.
METHODS

Animals and Experimental Procedures
All procedures were performed in accordance with institutional guidelines for the care and use of laboratory animals and were approved by the Institutional Animal Care and use Committee at the University of Arkansas for Medical Sciences. Male Fischer 344 X Brown Norway rats (6 months and 32 months) were purchased from the National Institute on Aging. This strain of rat was chosen because it has increased longevity and decreased cumulative lesion incidence compared with other strains; therefore, aging aspects can be studied in the relative absence of disease [22] . The different age groups were chosen to reflect a mature rat (6 months) and an old rat at about 50% mortality (32 months). Rats of both age groups were divided into 2 groups (n=5 per group): non-suspended control and hind limb suspended for 14 days. Rats were allowed free access to food and water. Animals were housed in a 12:12 hr light:dark cycle. Hind limb suspension was performed as previously described [23, 24] . Briefly, rats were anesthetized with pentobarbital sodium and a tail device containing a hook was attached with gauze and cyanoacrylate glue. Upon returning to consciousness, the tail device was connected via a thin cable to a pulley sliding on a vertically adjustable stainless steel bar running longitudinally above a high-sided cage with standard floor dimensions. During suspension, the rats cannot rest their hind limbs against any surface of the cage. After 14 days, the animals were anesthetized with pentobarbital sodium (50mg/kg body weight) and blood was obtained through heart puncture. Serum was prepared immediately and frozen at -80˚C until further use. Rats were euthanized with an overdose of pentobarbital sodium and the pancreases dissected, fixed in 10% buffered formalin, and embedded in paraffin wax for sectioning.
Serum Insulin Analysis
Serum insulin concentration was determined spectrophotometrically using a 1-2-3 Rat Insulin ELISA kit (American Laboratory Products Company, ALPCO, Windham, NH) according to the manufacturer's recommendations. Briefly, 25 μl serum was assayed and compared to a standard curve with known values. Samples were incubated for 2 hours at room temperature in conjugation solution followed by incubation in substrate solution for 15 minutes. Optical density was read at 450nm and serum insulin was calculated and expressed in ng/ml.
Histology and Immunohistochemistry
Pancreas sections (4-5 μm) were cut on a microtome and stained with hematoxylin and eosin (H&E) using standard procedures [25] . Sections were viewed and subsequently photographed using a Nikon microscope and imaging software (MetaView, Universal Imaging, Westchester, PA). Images of 10 random fields were then processed and analyzed using an image analysis program (Image J, National Institutes of Health, USA). Under blinded conditions, islets were manually traced and islet size and number were determined and normalized to area of pancreatic tissue. In addition, cell number per islet was counted.
Immunohistochemical determination of the presence of insulin was determined as follows. After deparaffinization, sections were fixed in methanol for 20 minutes at 4°C. Polyclonal rabbit anti-insulin (H-86) antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was applied in a concentration of 8 μg/ml for 2 hours at room temperature, followed by incubation with a biotin-conjugated rat anti-rabbit IgG (Zymed, San Francisco, CA) at a 1:250 dilution in PBS for 1 hour at room temperature. Streptavidin-alkaline phosphatase was then added for 10 minutes at room temperature, followed by alkaline-phosphate substrate (Vector, Burlingame, CA) for color development (blue) as directed by manufacturer. Slides were dipped in Nuclear Fast Red (Sigma, St Louis, MO) solution for visualization of nuclei, dehydrated, and coverslipped. Sections were viewed and subsequently photographed monochromatically, and analyzed using a Nikon microscope and imaging software (Meta View, Universal Imaging, West Chester, PA) similar to methods as described [26] . For each animal 10 random areas from the pancreas were analyzed. Individual islets were manually traced and insulin positive area was calculated using a 12-bit scaling image of 0-4095 and a threshold range of 1000-3400. The percent insulin positive tissue area within the islets was calculated and the number of insulin positive cells per islet was counted.
Statistical Analysis
Two way analysis of variance was used to determine statistically significant differences between the age and experimental groups. In case of significant differences, Tukey posthoc test was used. Statistical significance was assumed at P < 0.05.
RESULTS
Serum Insulin Concentration
Serum insulin concentrations were measured to determine the effect of aging and hind limb suspension. Aging was associated with a significant decrease in serum insulin concentration (Fig. 1) . Additionally, serum insulin was significantly decreased in response to hind limb suspension in young but not in old rats (Fig. 1) , indicating that the response to disuse affecting serum insulin concentration is abolished with age. Fig. (1) . Serum insulin concentration decreases with aging and hind limb suspension. Serum insulin concentration measured in ng/ml in young (6 months) and old (32 months) rats (n=5) under control conditions (control, black bars) or after 14 days of hind limb suspension (hs, gray bars). Values are means ± SE. * indicates significant difference from young control, p<0.05.
Histology of the Islets of Langerhans
To investigate whether differences in pancreatic islets could account for the changes in serum insulin, histological and immunohistochemical analysis of the pancreases of the rats was performed. Gross examination of H&E slides showed that islets of young rats appeared rounded and predominately equal in size ( Fig. 2A and B) . The contours of the islets of old rats are more often irregular or oval shaped and there seemed to be greater variability in size between islets ( Fig. 2C and D) . Hind limb suspension did not overtly change the appearance of islets in young rats. However, in old rats subjected to hind limb suspension very large islets were occasionally observed (example Fig. 2E ). These islets were never observed in pancreas from young rats and only rarely in old control animals.
To quantify the morphological changes with aging and hind limb suspension, the number of islets, the islet area, the number of cells per islet, and the islet area per total pancreas area were determined ( Table 1 and Fig. 3) . From qualitative observations it appeared that the islets in old rats were larger and therefore we measured both the area of islets per cross sectional area of pancreas and the number of islets. Results indicated that aging was associated with an increase in number of islets normalized to measured pancreas area (Fig. 3) . However, hind limb suspension did not change the number of islets in either young or old rats (Fig. 3) .
Additional morphological analysis was conducted by measuring average islet area, number of cells per islet, and islet area normalized to total area with either aging or hind limb suspension ( Table 1) . No significant effects were observed associated with either aging or hind limb suspension in average islet area, number of cells per islet, or islet area Fig. (3) . Number of islets is increased with age and hind limb suspension in the old. Islet number normalized to pancreatic area counted in young (6 months) and old (32 months) rats (n=5) under control conditions (control, black bars) or after 14 days of hind limb suspension (hs, gray bars). Values are means ± SE. * indicates significant difference from young control, # indicates significant difference from young hs p<0.05. Main age effect: p=0.002. Table 1 and Fig. (3) . Very large islets with irregular size were occasionally observed in old rats in particular after hind limb suspension (example in E). Magnification 40X. Table 1) . There was a trend for islet area to be increased with hind limb suspension in the old rats, but this failed to reach significance.
In order to investigate whether the changes in serum insulin levels were due to a decreasing number of insulin producing cells in the islets, pancreas sections were immunostained with insulin antibody (Fig. 4) . Insulin positive staining was observed in the central portion of the islets and no obvious visual differences in staining were observed in the different groups (Fig. 4) . Quantification of insulinpositive staining indicated no changes with either age or hind limb suspension in the area or cell number within the islets that were positive for insulin ( Table 2) .
DISCUSSION
In this study the response of pancreatic tissue of young and old rats to disuse induced by HS was investigated. We showed that HS induced a decrease in serum insulin concentration in young, but not old rats, in which insulin was already lower than in young under control conditions. Therefore, the insulin response to HS has been lost at old age, since old rats did not exhibit the same decrease in serum insulin after disuse as the young animals. The decrease in serum insulin both with age, and HS in young rats was not associated with a decrease in pancreatic islets or a change in insulin secreting cell number. In contrast, it occurred in the face of an increase in the number of islets in aged rats, particularly with HS. Even though the visual appearance of the pancreases from old HS rats was changed, not all of the islets of the old animals appeared enlarged and abnormal, and the quantitative data confirmed this finding. Because size, total area, and number of cells of islets, and cell number and area of insulin secreting cells was not changed even though insulin levels were lower, we suggest that the function of the insulin secreting cells is decreased with age. Indeed, aging Table 2 . Magnification 40X. Values are means ± SE.
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has been associated with a decrease in responsiveness of the beta cells to glucose stimulation as well as decreased relative insulin secretion by the beta cells [8, [19] [20] [21] . We suggest that the increase in number of islets in the aged HS rats is a failed compensatory response. In addition, increases in islet volume due to an increase in beta cell number with age correlates with a decrease in the insulin secretory response [17, 18] .
By contrast, we did not observe any changes in the pancreatic parameters in response to HS in young rats, indicating that the decrease in serum insulin with HS could be due to a decrease in insulin secreting function of the beta cells or to an increased usage of insulin in peripheral tissues. Bonen et al. [6] showed that rats hindlimb suspended for 28 days exhibited marked increments in insulin binding and glucose metabolism in the soleus muscle suggesting increased utilization of insulin with subsequent decrease in circulating serum levels. Similar responses were noted in 6-day unloaded rat soleus muscle [15] and additional studies showed that HS caused a decrease in insulin receptors in skeletal muscle [27] and activation of insulin-independent pathways mediating glucose uptake [28] . The changes in the insulin levels could be associated with plasma insulin oscillations noted as metabolic defects in Type-2 diabetes [29, 30] or oscilllations of metabolism in the pancreas [31] . However, the decreased function of beta cells in response to HS in young animals in particular could also be due to an increase in oxidative stress. We and others have shown that HS induced oxidative stress in brain and hind limb muscles of rats [32] [33] [34] [35] , and more recently we found a global increase in oxidative damage in all organs including pancreas in rats following 14 days of HS [36] . It is possible that oxidative damage in aged rats is already elevated to such an extent that insulin secretion is at a minimal level and HS does not alter this any further.
In summary, HS and aging is not associated with extensive changes in the morphology of pancreatic islets, even though insulin levels are decreased with both age and HS in young rats. We propose that the insulin secretory function of the individual cells may be changed possibly due to oxidative damage in response to age and HS, and future studies should be directed towards investigating this possibility.
